Thanks to the Zeeman effect and the saturation absorption spectroscopic technique, magnetically induced sub-Doppler dichroism has been experimentally demonstrated in a cesium vapor cell. A dispersion-like frequency-discriminating signal is obtained by this sub-Doppler dichroism. The phase-sensitive detection via lock-in is no longer required because there is no frequency dither on the laser. A grating-external-cavity 852 nm diode laser is frequency-stabilized to cesium 6 2 S 1=2 F = 4-6 2 P 3=2 F 0 = 4, 5 crossover by this modulation-free locking scheme. Compared with a frequency fluctuation of approximately 12 MHz under free-running conditions, a typical frequency jitter of less than þ=À 260 kHz in 50 s was estimated in the preliminary stabilization. This locking scheme is relatively simple, and it can avoid extra noise due to the direct frequency dither on the laser source in the conventional saturation absorption locking technique.
Introduction
Diode lasers with a stable frequency and a relatively narrow linewidth are required in many fields of research and application. The sensitivity of diode lasers to optical feedback results in an effective reduction in linewidth using a diffraction grating-external-cavity configuration. 1) Atomic or molecular transitions provide a quite stable frequency standard. The conventional absolute frequency stabilization method is well known as the high-resolution saturated absorption spectroscopy technique, which is widely used in the areas of laser spectroscopy, atomic physics, and metrology. To generate a dispersion-like frequency-discriminating signal, requires phase-sensitive detection as a lock-in system, which usually utilizes a small frequency dither on the diode laser directly. More or less, the dither will induce additional noises in the laser frequency and intensity, and it is unacceptable in some applications.
An effective and relatively simple locking method without any frequency dither, known as the dichroic atomic vapor laser lock (DAVLL), was developed by Corwin et al.
2) based on the Doppler dichroism induced by a magnetic field on a rubidium vapor cell. Because there is no frequency dither on the laser, no additional noise is introduced and the phasesensitive detection via lock-in is no longer required. Beverini et al.
3) applied this Doppler DAVLL technique to cesium vapor cell. Recently, Wasik et al. 4) and Petelski et al.
5)
demonstrated the sub-Doppler dichroism induced by a weak magnetic field by combining the basic principles of DAVLL and the saturated absorption spectroscopy on sodium and rubidium vapor cells. In this paper, we extend the sub-Doppler dichroism method to cesium vapor cell and provide the preliminary results of frequency stabilization of an 852 nm gratingexternal-cavity diode laser by this sub-Doppler dichroism technique. A typical frequency jitter of less than þ=À 260 kHz in 50 s was estimated in the preliminary stabilization compared with the frequency fluctuation of about 12 MHz under free-running conditions. 
where g J 0 is the Lande factor of the J 0 ¼ 1 hyperfine excited state and B is the Bohr magneton. In other words, the þ and À components of the probe indicate a dichroism under sub-Doppler conditions.
By subtracting the dichroic sub-Doppler Lorentz absorption signals of the þ and À components, the dispersionlike curve can be obtained without any frequency dither on the laser [as shown in Fig. 2(b) ]. This dispersion-like curve can serve as the frequency-discriminating signal for the frequency stabilization. To create a proper discriminating signal with a large slope around the zero-crossing point as well as a relatively large frequency capture range which is desired in frequency stabilization, it is reasonable to set the separation of the sub-Doppler Lorentz absorption signals of the þ and À components closer to the linewidth of the saturated absorption line.
In this way, the phase-sensitive detection is no longer required to create the dispersion-like frequency-discriminating signal, so that we are able to stabilize the laser frequency to J ¼ 0-J 0 ¼ 1 transition via this sub-Doppler dichroism scheme.
Experimental Setup
The schematic diagram of the experimental setup is depicted in Fig. 3 . A grating-external-cavity diode laser system operates at the D 2 line of cesium atoms (6 2 S 1=2 F = 4-6 2 P 3=2 ) with a typical emission linewidth of approximately about 500 kHz. The laser frequency can be easily controlled either by setting a DC offset voltage on the external-cavity piezoelectric transducer (PZT) between 0 and 100 V or by tuning the injection current. The output beam has been collimated within the laser head, and it passes through a 40-dB optical isolator (OFR IO-HP-850) to avoid optical feedback. Then a tunable beam-splitting unit consisting of a half-wave plate and a polarizing beam-splitting cube (PBS) is used to pick up a small fraction of optical power from the main output beam for the saturated absorption spectrometer.
The pump and probe beams with parallel linear polarizations counter-propagate through a 30-mm-long cesium vapor cell which is placed inside a solenoid driven by a constant current supply. The axis of the solenoid is parallel to the pump and probe beams. Approximately 10 Gauss of magnetic field along the axis of the solenoid is generated by 1 A of current. Two neutral density filters are used to adjust the intensity of the pump and probe beams. In the region of the vapor cell, the pump has a power of approximately 250 mW and a beam size of 2 mm Â 3 mm, while the probe has a power of 14 mW and a beam diameter of 1.2 mm. After the saturation absorption spectrometer, the þ and À components of the probe are separated using a quarter-wave plate and a PBS cube, respectively, then detected by two photodiodes (Hamamatsu S-3399). After subtracting the two signals, a sub-Doppler dispersion-like frequency-discriminating signal will be obtained when the laser scans over the 6 2 S 1=2 F = 4-6 2 P 3=2 transition. Frequency stabilization can be realized by feeding back the error signal with a proper phase to the PZT of the external-cavity diode laser via a proportion and integration (P-I) amplifier. A digital oscilloscope is used to record the dichroic sub-Doppler spectra and to monitor the error signal.
Results and Discussion
When the laser scans over 6 2 S 1=2 F = 4-6 2 P 3=2 F 0 = 3, 4 and 5 transition of the cesium D 2 line, the dichroic subDoppler spectra measured by the two photodiodes are shown in Fig. 4 . The hyperfine peaks corresponding to the þ and À components of the probe separate according to the prediction of the sample model in §2. The typical linewidth of the hyperfine transitions or the crossovers is approximately 15 MHz, which is somewhat larger than the natural linewidth of 5.3 MHz, and this is mainly due to power broadening. A dispersion-like structure for F = 4-F 0 = 5 transition is observed in upper curve (also see the inset).
By subtracting the dichroic sub-Doppler spectra, a frequency-discriminating signal is obtained (Fig. 5) . We reasonably choose the crossover F = 4-F 0 = 4 and 5 as our reference frequency standard. The slope around the zerocrossing point is estimated by the peak-to-peak frequency span of the dispersion-like structure of the F = 4-F 0 = 4 and 5 crossover, which is calibrated by the hyperfine splitting of the 6 2 P 3=2 state. Thus, the amplitude of the frequency error signals under free-running conditions as well as after locking can be approximately converted into frequency jitters.
To estimate the frequency fluctuation, the laser is tuned to the reference standard, then left free-running. A typical frequency fluctuation is shown in Fig. 6(a 2 S 1=2 F = 4-6 2 P 3=2 transition for þ and À components of the probe with a weak magnetic field. All hyperfine transitions and crossovers for þ and À components are Zeeman-shifted. Within 50 s, the frequency jitter for free running is about 12 MHz. After locking, the residual frequency jitter is estimated to be less than þ=À 260 kHz in the preliminary stabilization.
tion is shown in Fig. 6(b) and the estimated frequency jitter is less than þ=À 260 kHz in the preliminary stabilization. The inset shows 10 s of record time. Actually, the gratingexternal-cavity diode laser can be locked over several hours. Accurate evaluation of the frequency stability can be carried out by the beat-note technique. This was not attempted in our experiment. Furthermore, we will improve the frequency stability by means of feeding back the fast components of the error-correcting signal to the current modulation channel of the diode laser. This will enhance the response ability of the stabilization loop because the injection current has a much larger frequency bandwidth (DC $400 kHz) than the PZT of the external cavity (DC $2 kHz).
In conclusion, the sub-Doppler dichroism induced by a magnetic field has been demonstrated in a cesium vapor cell. Using the simple sub-Doppler dichroism scheme, a gratingexternal-cavity diode laser system is frequency-stabilized to the cesium D 2 line without any frequency dither on the laser. An estimated frequency jitter of less than þ=À 260 kHz is obtained in the preliminary stabilization.
